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To develop biomimetic three-dimensional (3D) tissue constructs for drug screening
and biological studies, engineered blood vessels should be integrated into the con-
structs to mimic the drug administration process in vivo. The development of perfus-
able vascularized 3D tissue constructs for studying the drug administration process
through an engineered endothelial layer remains an area of intensive research. Here,
we report the development of a simple 3D vascularized liver tissue model to study
drug toxicity through the incorporation of an engineered endothelial layer. Using a
sacrificial bioprinting technique, a hollow microchannel was successfully fabricated
in the 3D liver tissue construct created with HepG2/C3A cells encapsulated in a gel-
atin methacryloyl hydrogel. After seeding human umbilical vein endothelial cells
(HUVEC:) into the microchannel, we obtained a vascularized tissue construct con-
taining a uniformly coated HUVEC layer within the hollow microchannel. The
inclusion of the HUVEC layer into the scaffold resulted in delayed permeability of
biomolecules into the 3D liver construct. In addition, the vascularized construct con-
taining the HUVEC layer showed an increased viability of the HepG2/C3A cells
within the 3D scaffold compared to that of the 3D liver constructs without the
HUVEC layer, demonstrating a protective role of the introduced endothelial cell
layer. The 3D vascularized liver model presented in this study is anticipated to pro-
vide a better and more accurate in vitro liver model system for future drug toxicity
testing. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4994708]

INTRODUCTION

Current drug discovery and development strategies face a high rate of failed clinical trials
due to the use of inadequate animal models to anticipate the efficacy and safety of novel drugs
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in humans.' Thus, there is an urgent demand to create advanced preclinical models that can sup-
plement the current drug discovery process.”” Engineered in vitro organ models have received
great attention as promising drug testing platforms in recent years.>*’ These three-dimensional
(3D) models better mimic the complex human biology compared to two-dimensional (2D) mod-
els due to their enhanced cell-cell interactions and improved cellular functions.*'° Particularly,
3D structures provide an improved tissue model by creating zones of differential proliferation,''
showing phenotypic heterogeneity,'” and delivering a more realistic drug response compared to
their 2D counterparts.'®> Furthermore, to assess the functionality of tissues, organs-on-a-chip plat-
forms, where 3D organ models are cultured under continuous perfusion of medium, require con-
tinual monitoring of multiple physiological and biochemical parameters relevant to the cell
responses to drug treatments.'*

To create biomimetic native organ models, the development of a vascularized platform is
needed for engineered 3D tissue constructs, since embedding vessels into the tissue constructs
will allow transport of nutrients, oxygen, and drugs to preserve the metabolic activity of cells.
In previous studies, vascular models including an artery model platform,'> in vitro microves-
sels to study thrombosis and angiogenesis,'® devices that vascularize multi-organ-on-chips,'’
microfluidic platforms for microcirculation,'® and vascularized perfusable tissues'® have been
developed. In recent years, bioprinting has been used to create a perfusable 3D engineered tis-
sue construct with an endothelialized vasculature. Miller et al. introduced one such technology
using 3D printed biocompatible sacrificial filaments.”® In this work, carbohydrate glass fila-
ments were printed into a rat primary hepatocyte-laden 3D hydrogel and then the sacrificial fil-
aments were dissolved to create vasculature. In another paper, Lee et al. also created a bio-
printed vessel by using a gelatin precursor and human umbilical vein endothelial cells
(HUVEC:S) in a 3D collagen matrix. By applying a layer-by-layer approach, a channel was cre-
ated to study angiogenic cell invasion of the hydrogel.>' This layer-by-layer method also
allows for the creation of dual cell type-printed tissue to create complex structures.”> Another
model by Kolesky et al. created bioprinted 3D thick vascularized tissues that were perfused
with growth factors for differentiation of hMSCs towards osteogenic fate.'® Although these
methods provide a facile way to fabricate pre-vascularized tissue constructs, carbohydrate glass
filaments exhibit a short lifespan, cell-laden gelatin printing has shown a low resolution only
for thick constructs (>1cm) fabrication, and pluronic multilayer systems are complex requiring
larger amounts of bioprinting material. Despite the recent advances, efforts are still focused on
developing more realistic in vitro vascularized organ platforms that can better mimic the
in vivo cell behavior and overall tissue architecture.

In this paper, we created a 3D vascularized liver tissue model for mimicking physiological
drug diffusion and toxicity testing. A HepG2/C3A cell-encapsulated gelatin methacryloyl
(GelMA) hydrogel was used as a scaffold to engineer the 3D liver tissue construct with a cen-
tral vessel. To create a smooth and reproducible hollow microchannel in the cell-laden GelMA
hydrogel, we draw upon a technique previously developed by our group to create perfusable
vascularized structures using a sacrificial agarose fiber in photocrosslinkable hydrogels.”® This
bioprinting technique using agarose has several advantages over previously developed methods,
such as the possibility to create reproducible microchannels with a wide range of diameters
(100-1000 um), a straightforward removal of bioprinted agarose fiber from the cell-laden hydro-
gel without additional process of dissolving sacrificial materials, and the creation of smooth sur-
face of hollow microchannel for formation of a monolayer of endothelial cells. By utilizing this
technique, we created a hollow capillary, and then by seeding cells, we created a channel cov-
ered by a monolayer of endothelial cells where nutrients, oxygen, media, and drugs can be
introduced into the tissue constructs through the endothelialized channel. To evaluate the role
of the endothelial layer, the vascularized liver tissue construct was loaded into a bioreactor and
the diffusion properties were characterized by the perfusion of fluorescence dye as we modified
channel diameters and flow rates. Subsequently, the vascularized 3D liver tissue constructs
were incubated under continuous perfusion flow and cellular metabolic activity and viability
under acetaminophen (APAP) treatment were assessed.
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RESULTS AND DISCUSSION

Figure 1(a) shows an illustration of the perfusable vascularized liver construct directly exposed
to injected drug via blood vessel. Figure 1(b) shows the fabrication steps of the 3D liver construct
with the perfusable vasculature using a sacrificial bioprinting technique.”* HepG2/C3A was
selected as a reliable alternative cell source, especially for use in proof-of-concept studies in 3D
vascularized tissue model platforms because HepG2/C3A serves as a stable, easy-to-handle, and
readily available source of human hepatocytes for in vitro studies compared to human primary
hepatocytes which have a limited lifespan, a high batch-to-batch variability, and difficulty in
obtaining a large amount of cells.”*> A HepG2/C3A cell-laden GelMA prepolymer solution was
poured into a polymethyl methacrylate (PMMA) mold. An agarose solution was aspirated by a
glass capillary connected to a bioprinter and then exposed to a 4 °C chamber for 10s to make aga-
rose fiber in a glass capillary. The agarose fiber was then directly printed to the center of cell-
laden prepolymer solution, and the whole construct was exposed to UV light for 20s to crosslink
the HepG2/C3A cell-laden GelMA prepolymer solution. The obtained hydrogel construct was
removed from the PMMA mold, and the agarose fiber was then manually removed to create a hol-
low microchannel in the cell-laden hydrogel construct. The agarose fiber could be easily removed
from the construct due to the weak adhesion between the GeIMA hydrogel and the agarose fiber.?*
We selected HUVECs to create an endothelial layer and to provide a stable, easy-to-handle, and
readily available source of human endothelial cells for in vitro study in combination with HepG2/
C3A cells. Subsequently, green fluorescent protein (GFP)-expressing HUVECs (GFP-HUVECsS)
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FIG. 1. (a) Schematic of vascularized liver structure. (b) Fabrication of a 3D engineered liver tissue construct with a perfus-
able blood vessel structure. (c) Photographic images of the fabricated hydrogel construct with a central hollow microchan-
nel structure and (d) curved microchannels embedded inside a circular GeIMA structure. Red dye solution was perfused
into the hydrogel construct after the molding and crosslinking process. (e) Photographs of the resealable bioreactor. (f)
Tllustration of the bioreactor connected to the perfusion module.
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were seeded inside the hollow channel and incubated for 48 h in HUVEC media to create an endo-
thelial layer on the inner surface of microchannel.

Figures 1(c) and 1(d) show the photographic images of the fabricated hydrogel construct
having a central hollow microchannel structure and curved microchannels embedded inside a
circular GelMA structure. The integrity of the hollow channel structures was assessed by the
perfusion of a red dye solution. The construct was placed into a polydimethylsiloxane (PDMS)
bioreactor containing HepG2/C3A media [Fig. 1(e)]. The bioreactor was sealed using a set of
screws and nuts, providing hydraulic tightness and an easy access to the hydrogel scaffold-
containing bioreactor making the construct’s analysis rapid and straightforward.”**>* The bio-
reactor was connected to a syringe pump, and inlet/outlet ports were integrated to perfuse the
system [Fig. 1(f)]. The tubes were gently connected to the inlet and outlet of the inner hydrogel
channel through orifices in the PMMA and inside the chamber. During the operation, the
HepG2/C3A hydrogel construct was surrounded by HepG2/C3A static media while HUVEC
media flowed through the central channel to mimic the blood flow.

To create a perfusable hollow microchannel within the GeIMA hydrogel, it is critical to have
a hydrogel scaffold that can handle the weakened mechanical properties due to the main channel.
To optimize the concentration of agarose and GelMA pre-polymer solutions, we fabricated agarose
fiber encapsulated GeIMA hydrogels using a bioprinter with three different concentrations of aga-
rose solutions (4%, 6%, and 8%) and three different concentrations of GelMA pre-polymer solu-
tions (5%, 8%, and 10%). In this case, we selected 6% agarose fiber rather than 4% and 8% aga-
rose fibers due to the reason that 4% was too soft and 8% was too stiff. This made it difficult to
completely remove the printed agarose fiber from the GeIMA hydrogel. Additionally, to optimize
the concentration of GelMA and UV exposure times, we evaluated the HepG2/C3A growth in the
GelMA hydrogel as well as HUVECs’ attachment and proliferation on the surface of the GelMA
hydrogel. In addition, the concentration of the GelMA hydrogel and the UV exposure time were
further optimized to create a robust hydrogel construct with integrated channels that has appropri-
ate HepG2/C3A growth with high cell viability in the GelMA hydrogel while supporting the
attachment and proliferation of GFP-HUVECs on the surface of the microchannel. Furthermore,
this process was optimized to mimic the mechanical property of healthy human liver tissue and
resulted in appropriate cell growth compared with the concentrations used before.”® Finally, we
chose the 8% GelMA hydrogel with a 20-s UV crosslinking time. Although the Young’s Modulus
of the 8% GelMA hydrogel (12.1 = 1.1kPa) as shown in Fig. S1 (supplementary material) is still
higher than that of a healthy human liver (5.5 = 1.6kPa),®" this is the minimum concentration of
the GelMA hydrogel and UV exposure time that showed appropriate cell growth compared to
other conditions that were tried during optimization. Hence, the concentration of the GelMA
hydrogel (8%) and agarose solution (6%) was found to be optimum conditions to successfully cre-
ate a scaffold with microchannels having diameters ranging from 100 um to 1000 um. Figure 2(a)
shows typical scanning electron microscopy (SEM) images of the porous GelMA hydrogel con-
struct with a microchannel. The average pore size of the GeIMA hydrogel was measured to be
1432 = 6.4 um. The porous characteristic of the GelMA hydrogel allows the diffusion and
exchange of nutrients, oxygen, and drug molecules from the microchannel into the construct. To
evaluate the variations in the diffusion patterns due to the size of the microchannels, we pre-
pared hydrogel constructs having microchannels which are 100, 500, and 1000 yum in diameter.
After injecting 40 nM of fluorescent dye (Rhodamine 6G) into the microchannels, we then evalu-
ated the diffusive gradient of the dye under static and dynamic (50 ul/h) conditions at pre-
defined time points (1, 15, and 30 min). Fluorescence intensity quantified across the central por-
tion of the channel displayed the profile of the dye gradient and the normalized average distance
the dye travelled [Figs. 2(b) and 2(c)]. This microchannel provided a uniform gradient across the
hydrogel scaffold that offered a means to study how cell function is regulated by a specific gra-
dient. Under dynamic conditions, the dye was found to diffuse throughout the channel at a faster
speed compared with that of static condition.

To evaluate the effect of the endothelial barrier layer on the diffusion of molecules, we
engineered an endothelial layer by seeding HUVECs inside the hollow microchannel of the
hydrogel construct. Channels with different diameters (100, 500, and 1000 yum) were used to
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FIG. 2. (a) SEM images of a freeze dried porous GeIMA hydrogel and central channel structure after agarose fiber removal.
(b) Diffusion profiles with different channel diameters (100, 500, and 1000 um) and time points (1, 15, and 30 min) under
static and dynamic conditions. (c) Fluorescence intensity measured in 500 um channels at several time points (1, 15, and
30 min). The diffusion profile was normalized to the distance from the center of the channel.

observe and evaluate the formation of the endothelial layer along different microchannels. To cre-
ate a uniform monolayer of cells, the whole construct was manually rotated every 1.5h after the
GFP-HUVECs were injected into the channel. Endothelial cells were found to clog the channels
for the 100 um channels upon cell injection preventing the perfusion flow while for the 1000 um
channels we found that it would take the cells up to 5days to cover the periphery of the channel
surface. As seen in the previous work, the ideal channel diameter for similar cell seeding techni-
ques ranged from 280 um to 1270 um for a 7 day culture.>® After 48 h, the endothelial cells prolif-
erated and uniformly covered the microchannel with a 500 um diameter, as shown in the confocal
microscopy images [Figs. 3(a) and 3(b)]. The endothelial cells were aligned along the longitudinal
direction. Furthermore, 3D endothelial cell invasion and sprouting into the surrounding GelMA
hydrogel was evident as determined by F-actin/nuclei staining [Fig. 3(b), arrow in the right side
image]. To access the intercellular junction of HUVECs, we immunostained the construct for the
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FIG. 3. Confocal microscopy images of (a) the integrity of the GFP-HUVEC layer in the construct with nuclei staining after
2 days and (b) top and cross-sectional views of F-actin/nuclei staining after 7 days which showed endothelial cell invasion and
sprouting into the surrounding GelMA hydrogel (arrows). (c) Top view of a HUVEC layer immunostained for CD31 (red) and
4 6-diamidino-2-phenylindole” (DAPI) (blue) after 2 days in culture. (d) Diffusion profiles of Rhodamine 6G into the micro-
channel endothelialized without (upper row) and with (lower row) GFP-HUVECs at several time points. The channel’s diame-
ter was 500 um. (e) Diffusion length of Rhodamine 6 G with and without the endothelial cell barrier. Fluorescence intensity
was measured at the center of the channel. The barrier delayed the diffusion of the dye (*** p < 0.001).



044109-6 Massa et al. Biomicrofluidics 11, 044109 (2017)

CD31 marker. As shown in Fig. 3(c), immunostaining of the HUVEC layer displayed strong
CD31 signals throughout the entire construct.

To evaluate the effect of the endothelial cell layer on the diffusion of the small molecules,
40nM of Rhodamine 6G in Dulbecco’s phosphate-buffered saline (DPBS) was perfused into
the microchannel under static conditions and the diffusion profiles were analyzed [Fig. 3(d)].
The average fluorescence intensity was measured in the 500 um channels after the initial
perfusion at different time points (1, 15, and 30 min). Differences in fluorescence intensity were
observed inside the channels with and without the HUVEC layer. Since the porosity of the
HepG2/C3A-laden GeIMA with and without the HUVEC layer was the same throughout the
construct, the diffusion coefficient of molecules inside the scaffold remained unaffected.
However, the presence of the HUVEC layer was the main player affecting the diffusion of the
dye into the hydrogel scaffold, as shown in Fig. 3(e). The presence of the HUVEC layer
delayed the diffusion of the dye into the scaffold, thus reducing the fluid flux across the layer.>
This behavior was observed in a previously published study where the permeability of fluores-
cein isothiocyanate (FITC)-dextran decreased in the presence of a endothelial layer.'

APAP, which is a leading cause of acute liver failure, is known for having direct action on
endothelial cells at the liver sinusoid.***> To evaluate the direct pharmacological damage to the
engineered endothelial barrier, we continuously perfused the scaffold with 30mM of APAP
added into the HUVEC media for 48 h. Inside the bioreactor, the hydrogel scaffold was situated
so that it was in direct contact with the bottom and top of the PMMA chamber and the sides of
the hydrogel were in contact with the HepG2/C3A media. This design forced the perfused
media to go through the microchannel. Figures 4(a) and 4(b) show the confocal microscopy
images of the HUVEC layer with and without the APAP treatment, respectively. The discontin-
uous or non-uniform F-actin/nuclei staining was observed in the cross-sectional and top view of
the confocal images of the HUVEC layer after APAP treatment compared to that of the control.
To confirm that the HUVEC layer was damaged by the APAP and the destruction of the
HUVEC layer was attributed to the APAP treatment instead of the continuous flow along the
channel, HUVECs were treated with different doses of APAP (15 and 30 mM) at two time
points (24 and 48 h) under static conditions. As shown in Fig. 4(c), the cellular metabolic activ-
ity of HUVECs decreased in all the conditions studied, showing that APAP damaged the
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FIG. 4. Confocal microscopy images of the engineered blood vessel layer after 48 h perfusion (a) without APAP and (b)
with 30mM of APAP. Media only perfusion (control) showed that the HUVEC layer retained its integrity throughout the
channel while the scaffold treated with 30 mM APAP displayed a damaged HUVEC layer. (c) Cellular metabolic activity
of HUVEC S in static drug studies of 15 and 30 mM APAP.
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HUVECs in the endothelial layer regardless of the flow.?® Viability is presumed to be lower at
24h compared to Oh as a result of cell contact inhibition by high confluency.

To evaluate the effect of the endothelial layer of vascularized liver tissue construct during
the drug treatment, an endothelialized microchannel was incorporated into a 3D liver tissue
construct which was created by encapsulating HepG2/C3A cells inside a GelMA hydrogel.
30mM of APAP added to HUVEC media was perfused continuously into the endothelialized
microchannel for 48 h. Two distinctive zones were found in the hydrogel scaffold which was
classified according to cell death after 48 h perfusion of 30mM of APAP into the engineered
HUVEC layer (Fig. 5). “Zone 1” was defined as the region closest to the channel, while “Zone
2” was the region further away from the channel and more into the hydrogel. In the absence of
any drug treatment, both Zone 1 and Zone 2 exhibited higher cell viability (more than 80%)
even for 3D liver tissue constructs that were thick (total thickness: ~3mm) [Fig. 5(a)]. The
higher cell viability might be attributed to the proper diffusion of nutrients and oxygen into the
deeper regions of the 3D liver tissue from perfusion of the channels with HUVEC media. In
contrast, the 30mM APAP treatment resulted in cell death near the channel where the HUVEC
layer was located [Fig. 5(b)]. However, the encapsulated HepG2/C3A cells located in the vicin-
ity of the channel within the GeIMA hydrogel showed higher viability than HUVECs in the
same Zone. This observation indicated that the APAP toxicity was more profound in HUVECs
because HUVECs may possess a significant ability to metabolize APAP prior to any evidence
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FIG. 5. Live/dead staining images of cross sectional views of the 3D vascularized liver tissue construct (a) without and (b)
with 30 mM APAP treatment under dynamic conditions. Zone 1 was defined as the perfusion territory in close proximity to
the channel (~300 um) and Zone 2 was defined as the perfusion zone furthest away (~600 um) from the channel. (c)
Quantification of cell viability after 48 h perfusion of cell culture media (control) and 30 mM APAP treatment. Media only
perfusion (control) showed good cell viability in both zones, while 30 mM APAP perfusion exhibited a higher cell death
accentuated in Zone 1 compared to Zone 2. (d) Cellular metabolic activity in the 3D liver tissue constructs with and without
HUVEC layer after 24 and 48 h 30 mM APAP treatment. HepG2/C3A only constructs showed a lower metabolic activity
compared to the HUVEC-HepG2/C3A constructs suggesting a protective action of the HUVECs during drug treatment
compared to the other construct.
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of HepG2/C3A cell injury that is consistent with previously reported in vitro and in vivo stud-
ies.’’”% After performing quantification analysis, it was found that the cells with no drug treat-
ment (control) in Zone 1 remained viable whereas their viability decreased to 20% after a 48h
exposure to APAP [Fig. 5(c)]. Additionally, in the APAP treated constructs, the cells in Zone 2
were less affected by the drug compared to those in Zone 1. The use of APAP toxicity in this
platform gives information on cell disruption and necrosis in the hydrogel similar to what ex
vivo human models have shown.” Additionally, the HUVEC layer is also shown to be disrupted,
making this a suitable system for drug testing and assessment of cell death within the hydrogel.

To assess the functionality of the engineered liver constructs and evaluate the endothelial
cell barrier effects on the drug administration, Presto Blue assays were performed. Figure 5(d)
indicates that constructs with only HepG2/C3A encapsulated cells showed a lower metabolic
activity compared to the vascularized constructs having HUVECs surrounded by HepG2/C3A
encapsulated scaffolds suggesting a protective action of the HUVECs during drug treatment
compared to the constructs without HUVECs. Consequently, HepG2/C3As exhibited higher
resistance to APAP toxicity when co-cultured with the HUVEC layer. We believe that the
HUVEC:s could possibly be (i) delaying the diffusion of drugs as they form a barrier, or (ii) con-
suming/metabolizing some of the drugs lowering their concentration, or a (iii) combination of (i)
and (ii). This protective effect of the endothelial cells when co-cultured with hepatocytes while
the cells were exposed to APAP treatments has been previously reported.36’40 The incorporation
of vascular components into the in vitro tissue platforms plays a key role in more accurately
reproducing the in vivo behavior which is suitable in creating a realistic drug response from
in vitro constructs similar to in vivo drug tests. Therefore, the 3D vascularized liver model pre-
sented in this study, while still preliminary, is anticipated to provide a better in vitro liver model
system for more systematic analyses of drug toxicity. The vascularized liver construct placed
inside a bioreactor can be readily used for drug toxicity studies and would possibly better repre-
sent in vivo conditions by providing a more physiologically relevant in vitro tool of co-culture
systems utilizing human primary hepatocytes and liver endothelial cells. In addition, the study
can be conveniently expanded to other organ-on-a-chip platforms for drug screening studies such
as the heart, kidney, and bone.

MATERIALS AND METHODS
GelMA synthesis

GelMA was synthesized as described in previous reports.*' Briefly, DPBS (Sigma-Aldrich)
was used to dissolve 10% (w/v) gelatin (Sigma-Aldrich) at 50°C. Then, at a constant rate of
0.5 ml/min, 8% (v/v) of methacrylic anhydride (Sigma-Aldrich) was added to the mixture and
left to react for 2h. After adding warm DPBS (~40°C), the solution mixture was dialyzed at
40°C for 7days using 12-14kDa dialysis membranes. The mixture was then placed at —80°C
for 2days and lyophilized for the following 5days. GeIMA foam obtained was kept at room
temperature.

Cell culture

HepG2/C3A cells (ATCC) were cultured at 37 °C with a 5% CO, atmosphere in low glucose
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) with 1% penicillin-streptomycin and 10%
fetal bovine serum (FBS) (Gibco). Media was substituted every 48h. GFP-tagged HUVECs
(donated by Dr. Yunzhi Peter Yang at Stanford University) were cultured in Endothelial Cell
Growth Medium (EGMTM BulletKit™, Lonza) until 70% confluency was reached.

Fabrication of vascularized liver tissue construct in GelMA

The GelMA prepolymer solution was prepared by dissolving 8% (w/v) GeIMA in DPBS
with 0.5% (w/v) photoinitiator (2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone, Sigma-
Aldrich). With a final concentration of 5 x 10° cells/ml, HepG2/C3A cells were trypsinized and
dispersed into the GelMA prepolymer solution. 1 ml of the cell-dispersed solution was poured
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into a 2 x 1ecm?> PMMA mold and then placed below the dispensing tip of the 3D bioprinter
(NovoGen MMX bioprinter, Organovo, San Diego, CA, USA). Subsequently, 6% agarose
(Sigma-Aldrich) in DPBS was printed as a fiber into the GeIMA solution using a microextrusion
technique by solidifying the liquid agarose at 4°C for 10s. The agarose fiber-embedded GelMA
solution was then crosslinked under UV light with a light intensity of 850 mW for 20s with a
working distance of 8.5 cm. After the photocrosslinking process, the agarose fiber was manually
removed to create a hollow channel. GFP-HUVECs were seeded inside the channel at 2 x 10°
cells/ml cell density.

Bioreactor fabrication

A bioreactor was constructed by modifying our recently published protocols.”*® Top and
bottom layers of the bioreactor were fabricated using a laser cut PMMA mold. A center PDMS
chamber was fabricated by casting PDMS around the PMMA mold. To prepare PDMS, the cur-
ing agent and elastomer were mixed at a 1:10 ratio and left in an oven at 80°C for 1h. After
printing the vascularized liver construct, it was placed inside the PDMS chamber and cell cul-
ture medium was supplied. A polytetrafluoroethylene (PTFE) tube (#30 AWG thin wall tubing
natural, Cole-Palmer, Veron Hills, IL, USA) was attached to the inlet and outlet of the internal
HUVEC channel (Fig. S2, supplementary material) and was used to flow media to the reactor
employing a syringe pump (Harvard Apparatus PHD 2000, Cambridge, MA, USA). The con-
nections between the tubes and the hydrogel construct were further reinforced by the addition
of 20% GelMA hydrogels. HUVEC media was perfused for 48h at a 50 ul/h flow rate. The
HUVEC media flowed through the channel having the endothelial monolayer where the outlet
tube was connected to a 50ml reservoir for media collection. Nuts and screws were used to
attach the two PMMA outer layers together with the PDMS chamber to prevent possible leak-
age during the experiments.

Chemical diffusion along the engineered blood vessel structure

40nM of Rhodamine 6G (Sigma-Aldrich) was injected with a syringe needle into the micro-
channels with and without the HUVEC monolayer. Fluorescent images were captured using a fluo-
rescence microscope (Zeiss D1 system, Oberkochen, Germany) at 0, 1, 15, and 30 minutes after
the injection of Rhodamine 6G. Fluorescence-based diffusion profiles along a straight line across
the entire construct were characterized using ImageJ (NIH). At least 6 region of interests (ROIs)
for each time point were measured and normalized to the highest fluorescence value.

APAP treatment

APAP dose was adjusted for the static and dynamic conditions in order to evaluate the drug
response of HUVECs. For static conditions, HUVECs were cultured in a 96-well plate at a cell
density of 1 x 10° cells/well. After 24 h, cells were treated with APAP (0, 15, and 30mM) in
HUVEC media for 48h (n=3 for each condition). Media with APAP was changed every 24 h.
Dynamic experiments were performed in separate bioreactors where HUVEC media containing
30mM APAP was continuously perfused though the channel in the center of each construct for
48 h.

Metabolic activity assay and cell viability

The viability of cells inside the vascularized liver construct was assessed before and after
APAP treatment by performing a calcein-AM/ethidium homodimer Live/Dead assay (Invitrogen).
Presto Blue Reagent (Life Technologies) was used to assess the cellular metabolic activity. After
2h of incubation at 37 °C, the reagent was removed and the fluorescence intensity was measured
using a microplate reader (BioTek Synergy 2, Vermont, USA). Metabolic activity was measured
every 24 h for both static and dynamic APAP conditions. Live/Dead images were taken using an
inverted fluorescence microscope (Zeiss Axio Observer D1 Fluorescence Microscope, Carl Zeiss,
Germany).
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F-actin, CD31, and nuclei staining

Samples were washed with DPBS and fixed with 4% (v/v) paraformaldehyde for 15 min at
room temperature for the F-actin and nuclei staining. Then, the washed samples were treated
with 0.1% (v/v) Triton X-100 diluted in DPBS for 10min. Alexa Fluor 488% phalloidin
(Thermo Fisher Scientific) was diluted at a 1:50 ratio in DPBS and incubated with the construct
for 1h to stain for F-actin. Hydrogel scaffolds were then washed with DPBS, and a 300 nM
DAPI (Thermo Fisher Scientific) solution was added to the sample. The sample with the DAPI
solution was incubated for 15 min and washed 3 times with DPBS before imaging. CD31 anti-
body (Dako) was diluted at a 1:50 ratio in 1% (w/v) bovine serum albumin (BSA) in DPBS for
24h at 4°C. After washing with DPBS, the samples were incubated with Alexa Fluor 594-goat
anti-mouse secondary antibodies (1:200) for 1h at room temperature. Confocal images were
taken using a Leica-SP5 Confocal Microscope (Leica, Germany) and reconstructed using Fiji**
and Imaris (Bitplane Scientific Software).

Statistical analysis

Data were shown as mean = standard deviation. Using Graphpad Prism Software, statistical
analyses were performed using a Tukey’s post-hoc test and two-way analysis of variance
(ANOVA). Statistical significance was calculated at 95% (*p <0.05), 99% (**p <0.01), and
99.9% (***p < 0.001) confidence intervals.

CONCLUSIONS

In conclusion, we engineered a vascularized 3D liver construct with a vessel layer for
drug toxicity testing. By integrating hydrogel scaffolding, 3D bioprinting, and microfluidics,
the novel platform could efficiently mimic the vessel layer in vitro. APAP was perfused into
the engineered HUVEC layer construct for 48h to identify the effects of the endothelial
layer on the drug administration process. The barrier delayed the passage of the drugs from
the channel to the hydrogel scaffold and protected the HepG2/C3A cells from the toxicity
caused due to the drug treatment, showing that the engineered endothelial layer plays a cru-
cial role in the drug administration process. By creating advanced in vitro platforms that aim
to replicate biological functions and environments, this vascularized platform will help
observe and predict drug toxicity mechanisms at a microcirculatory level. The integration of
our bioprinted vascularized construct with a bioreactor contributes to the creation of a more
realistic “liver-on-a-chip” platform narrowing the gap between in vitro and in vivo drug test-
ing models.

SUPPLEMENTARY MATERIAL

See supplementary material for the mechanical property of GeIMA hydrogels and a photo-
graph showing that the construct was connected through the inlet and outlet with tubing.
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